Grb2-associated-binding protein 1 (Gab1) is a docking/scaffolding molecule known to play an important role in cell growth and survival. Here, we report that Gab1 is decreased in cholinergic neurons in Alzheimer's disease (AD) patients and in a mouse model of AD. In mice, selective ablation of Gab1 in cholinergic neurons in the medial septum impaired learning and memory and hippocampal long-term potentiation. Gab1 ablation also inhibited SK channels, leading to an increase in firing in septal cholinergic neurons. Gab1 overexpression, on the other hand, improved cognitive function and restored hippocampal CaMKII autorphosphorylation in AD mice. These results suggest that Gab1 plays an important role in the pathophysiology of AD and may represent a novel therapeutic target for diseases involving cholinergic dysfunction.
Introduction
Dysfunction of the central cholinergic systems has been suggested to play an important role in the pathogenesis of cognitive impairment (Ji et al. 2001; Goekoop et al. 2006; Gu and Yakel 2011; Pa et al. 2013) . A causal relationship has been postulated between cholinergic dysfunction and the progression of cognitive decline in neurodegenerative disorders such as Alzheimer's disease (AD) (Christensen et al. 1992; Goekoop et al. 2006; Okada et al. 2013; Yang et al. 2013) ; however, the cause of the dysfunction remains unclear.
The Grb2-associated-binding protein 1 (Gab1) is a scaffold protein critically involved in signaling transduction (Schaeper et al. 2007; Eulenfeld and Schaper 2009) . Tyrosine-phosphorylated Gab1 binds to a number of downstream signaling proteins, including GRB2, the p85 subunit of PI3K, and SHP-2 (BardChapeau et al. 2005; Dixit et al. 2005; Mood et al. 2006; Lu et al. 2011) . The Gab1/EGF receptor tyrosine kinase has been intensely studied in the peripheral nervous system, where it plays principal roles in the survival and target selectivity of sensory and sympathetic neurons (Bard-Chapeau et al. 2005; Schaeper et al. 2007; Yang et al. 2012 ). Gab1 has also been reported to mediate the differentiation, DNA synthesis, and cell survival of PC12 cells (Korhonen et al. 1999 ). More recently, cognitive dysfunction in the Angelman syndrome mouse has been correlated with a reduction of Gab1 in the brain (Cao et al. 2013) .
The septo-hippocampal cholinergic system plays a crucial role in memory (Hangya et al. 2009; Kaifosh et al. 2013; Mitsushima et al. 2013) . Impaired cholinergic innervation leads to reduced NMDA receptor function and impaired CaMKII activity in the hippocampus (Han, Shioda, Moriguchi, Yamamoto et al. 2008) . Protein tyrosine phosphatase inhibitors, by stimulating tyrosine kinase receptor signaling and activating survival signals in the cholinergic medial septal neurons, improve hippocampal long-term potentiation (LTP) and memory-related behaviors (Han, Shioda, Moriguchi, Qin et al. 2008) . Hence, protection of septal cholinergic neurons against degeneration may prevent or delay cognitive impairments in AD.
Here, we report that Gab1 is expressed in central cholinergic neurons and is decreased in human AD brain. Selective ablation of Gab1 in cholinergic neurons impairs hippocampal LTP and causes memory deficits in mice. In vivo rescue of Gab1 in the medial septum restores the cognitive function of ChAT-Cre;Gab1 f/f and APP swe /PS1 mice. These results suggest that Gab1 is essential for normal functioning of central cholinergic neurons and may serve as a novel target for the treatment of AD.
Materials and Methods

Transgenic Mice
Floxed Gab1 transgenic mice (Gab1 f/f or Gab1 loxP/loxP ) (C57BL/6 background; kindly provided by Yue-hai Ke's lab at Zhejiang University) (Bard-Chapeau et al. 2005; Zhang et al. 2016) , and CaMKIIα-Cre; Gab1 f/f mice. To assist electrophysiological recording of cholinergic neuron, the ChAT-Cre;Gab1 f/f mice were further crossed with
ChAT-eGFP;Gab1 f/f mice to specifically label cholinergic neurons with enhanced green fluorescent protein (eGFP). APP swe /PS1 (B6. Cg-Tg (APP swe ,PSEN1dE9)85Dbo/Mmjax, Stock No. 34832) mice were obtained from the Jackson Laboratory. Genomic DNA extracted from mouse tails was amplified by PCR for genotyping. All mice were housed under a 12-h light/dark schedule and had access to food and water ad libitum. All experiments and protocols were approved by the Zhejiang University Animal Experimentation Committee and were in complete compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Mice were allocated into different groups randomly. In the behavioral experiments, only male mice were used and behavioral experiments were performed double-blindly.
Adeno-Associated Virus or Lentiviral Vector Preparation and Stereotaxic Brain Delivery
To focally reduce endogenous Gab1 levels in the medial septum, adeno-associated virus (AAV)2-Cre-GFP was stereotaxic injected into medial septum of Gab1 f/f mice (8 weeks old). Based on AAV serotype 2, AAV2-Cre-GFP expresses Cre recombinase and GFP under the human cytomegalovirus (CMV) immediate early promoter. AAV2-Cre-GFP virus (6.9 × 10 12 GC/mL) was packaged by Sunbio medical biotechnology.
To selectively express Gab1 in the cholinergic neuron in medial septum in ChAT-Cre;Gab1 f/f mice (8 weeks old), the AAVFlex-Gab1 and AAV-Flex-Con vectors were designed and constructed by standard methods. Full length cDNA of Gab1 with a Myc tag in C-terminal was inserted into the AAV-Flex backbone (cloned from AAV-FLEX-rev-ChR2-tdtomato, Addgene plasmid #18917) with KpnI and BamHI to generate AAV-Flex-Gab1. EGFP were inserted into the same backbone with the same restriction sites to generate AAV-Flex-Con vector. AAV-Flex-Gab1 virus (1.9 × 10 12 GC/mL) and AAV-Flex-Con virus (1.1 × 10 12 GC/mL) of AAV2/9 serotype were packaged by Hanbio Biotechnology.
To overexpress Gab1 in the medial septum in APP swe /PS1 AD model mice (6 months old), a lentiviral vector expressing Gab1 (lentiviral-Gab1 or lenti-Gab1) and control virus (lentiviral-Con or lenti-Con) were used. To construct a lentiviral vector expressing Gab1, two complementary Gab1 DNA oligonucleotides were synthesized and inserted into the EcoRI-BamHI site of the transfer vector pCDH-CMV-MCS-EF1-copGFP under the control of the CMV promoter. The constructed vector was then transformed into Escherichia coli DH 5α and extracted. A large-scale production of lentiviral-Gab1 was performed via transfection of HEK293T cells . Lentiviral-Gab1 (1.10 × 10 8 TU/ mL) and lentiviral-Con (3.10 × 10 9 TU/mL) were used.
For the delivery of AAV or lentiviral, mice were anesthetized with 2% isoflurane and mounted on a custom-built mouse stereotaxic device during surgery. Eye drops were used to avoid drying. The animals received stereotaxic injections of virus (1 μL) into the medial septum at the coordinates AP + 0.8 mm, ML 0 mm, DV −3.8 mm. To minimize tissue injury, the virus was delivered with a glass microelectrode with a 10-to 20-μm diameter tip into the target coordinates over a 10 min period with a WPI Nanoliter 2000 Injector. Three weeks after the introduction of the viral vectors, the behavioral tests were performed.
Electrophysiology
We made slices containing the medial septum from 2 to 3 weeks old postnatal mice or adult mice injected with AAV virus. For 2 to 3 weeks old postnatal mice, the slices (300 μm) were prepared with a Vibroslice (Leica VT 1000S, USA) in ice-cold cutting artificial cerebrospinal fluid (ACSF) consisting of (in mM) 125 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , 2 CaCl 2 , 25 NaHCO 3 , and 10 glucose saturated with 95% O 2 and 5% CO 2 . The slices were allowed to recover for 30 min at 34°C in the same oxygenated ACSF and then kept at room temperature (22°C) before being transferred to the recording chamber. For adult mice injected with AAV virus, the cutting ACSF was replaced by another solution as follows (in mM): 75 sucrose, 87 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 7 MgCl 2 , 0.5 CaCl 2 , 26 NaHCO 3 , and 25 glucose.
Fluorescence images of neurons were visualized under an upright microscope with a 40× water-immersion lens (Olympus) and the whole-cell patch clamp recordings were carried out (MultiClamp 700B Amplifier, Digidata 1440A analog-to-digital converter). Data were acquired and analyzed with pClamp 10.2 software (Axon Instruments/Molecular Devices) as previously described . To record action potentials (APs) in cholinergic neurons, glass micropipettes (3-4 MΩ) were filled with a solution containing (in mM) 130 potassium gluconate, 20 KCl, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 10 disodium phosphocreatine, and 0.2 EGTA (pH 7.25 was adjusted with KOH and osmolarity was 288 mOsm). For ChAT-Cre;Gab1 f/f mice injected with AAV-Gab1, putative cholinergic neurons were recorded and identified by intracellular injections of Lucifer yellow and post hoc staining.
To investigate whether SK channels were involved in abnormal APs, its agonist (NS309, 5 μM, Tocris Bioscience) or antagonist (apamin, 100 nM, Tocris Bioscience) was applied in the ACSF. For analysis of the passive membrane properties of cholinergic neurons, data analyses were performed after obtaining the whole-cell configuration. Input resistance (R in ) was calculated from small voltage deflections induced by rectangular hyperpolarizing current injections (0-60 pA, 10 pA steps). Membrane time constant (τ m ) was obtained by fitting a single exponential function to hyperpolarizing voltage deflection (40 pA). Membrane capacitance (C m ) was derived by dividing τ m by R in .
For LTP recordings, hippocampal slices were prepared from adult ChAT-Cre;Gab1 f/f and Gab1 f/f mice as previously described (Gong et al. 2009 ). Transverse slices (400 μm thick) were prepared with a vibroslice in ice-cold ACSF, then incubated for 2 h in continuously oxygenated ACSF (95% O 2 , 5% CO 2 ) at room temperature. The slices were transferred to a recording chamber and superfused with warm ACSF (34°C) at a flow rate of 2-3 mL/min. The stimulating electrode was placed at the Schaffer collateral/commissural pathway and evoked field excitatory postsynaptic potential (fEPSP) was recorded from the stratum radiatum of CA1 using a glass electrode filled with 3 M NaCl. LTP was induced by strong high-frequency stimulation (HFS, twice 100 Hz, 1 s trains, 20 s apart). Recording was performed using a single-electrode amplifier. Data acquisition and analysis were performed in pClamp 10.2 software.
Behavioral Analyses
The novel object recognition test (NORT) was used to evaluate recognition memory (Han, Shioda, Moriguchi, Yamamoto et al. 2008) . Briefly, mice were individually habituated to an open field box (35 × 25 × 35 cm) for 2 consecutive days. The experimenter who scored the behavior was blind to the treatment. Discrimination index was evaluated by comparing the difference between the time of exploration of the novel and familiar object and the total time spent exploring both objects, which made it possible to adjust for differences in total exploration time.
The assessment of spatial memory in the mice was carried out using the Y-maze task (Han, Shioda, Moriguchi, Yamamoto et al. 2008) . The apparatus consisted of 3 identical black Plexiglas arms (l × w × h, 50 × 16 × 32 cm). The sequence of arm entries was recorded visually during an 8-min session, and 3 consecutive choices were defined as an alternation. Spontaneous alternation behavior in the Y-maze task was recorded, and the percentage of alternation was calculated as (actual alternations/maximum alternations) × 100.
The assessment of spatial learning and memory in mice were carried out using the Morris water maze (MWM) (Morris 1984) . The movements of the mice were recorded using a video-tracking system. All mice were trained to find a hidden platform placed in the middle of the target quadrant. A 60 s probe test was conducted at day 6 after 5-day training, in which the platform was removed from the pool. The data were processed and analyzed for each acquisition trial or probe trial as the escape latency (in seconds), the times of platform crossing (in numbers) and time in target quadrant (in seconds).
A grip strength meter (Bio-Will Co., Ltd) was used to assess neuromuscular function as the maximal muscle strength of forelimbs of mice. Maximal muscle strength was measured by the grasping force applied by the mouse on a grid that was connected to a sensor. Three trials were carried out in succession to measure forelimb strength per animal.
Immunohistochemistry
Mice were anesthetized and transcardially perfusion-fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS). For immunohistochemistry, coronal sections (45-μm thick) were incubated at room temperature with blocking buffer (0.1% Triton X-100 and 3% BSA in PBS) (Han, Shioda, Moriguchi, Yamamoto et al. 2008) . (Ishiguro et al. 1995) , anti-VAchT (1:500, Abcam), antiphospho-Thr286-CaMKII (1:300) (Fukunaga et al. 1988) , and anti-MAP-2 (1:1000, Millipore) overnight at 4°C (Liu et al. 1999) . Immunofluorescent images were visualized by confocal laserscanning microscopy (Zeiss LSM 510). The 3D filled plots were processed by using ImageJ v1.45 (NIH) with the accompanied "Interactive 3D Surface Plot" plug-in.
The post hoc immunocytochemistry was used to identify the cholinergic neurons. After electrophysiological recording, brain slices include that lucifer yellow-filled neurons in MS were fixed with 4% paraformaldehyde overnight at 4°C. The brain slices were incubated with a primary antibody against ChAT (1:500, Millipore) and lucifer yellow (1:1000, Invitrogen) in PBS containing 5% goat serum and 0.3% Triton X-100 for 24 h. Samples were then washed and incubated with secondary antibody (Alexa fluor 488-conjugated anti-rabbit IgG and Alexa fluor 594-conjugated anti-goat IgG, Invitrogen) for 6 h at room temperature. Labeled neurons were visualized with a confocal laser-scanning microscope (Nikon A1).
Quantification of percentages of Gab1-positive cells coexpressing ChAT (ChAT achieved by counting the Gab1-positive cell number of randomly selected fields (634 × 634 μm). Totally, 9 randomly selected fields of each brain region (medial septum, striatum, and cortex) were analyzed from 3 nonadjacent sections per mouse.
Western Blot Analysis
Hippocampal CA1 samples and medial septum from mice were homogenized, and western blots were carried out according to protocols as previously described Wang et al. 2015) . Samples containing equivalent amounts of protein were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane (Millipore). After blocking with TTBS solution (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 0.1% Tween 20) containing 5% skimmed milk for 1 h, the membranes were incubated overnight at 4°C and protein were detected by immunoblot using the following primary antibodies: anti-Gab1
and anti-Gab2 (1:1000, Cell Signaling Technology), phosphoThr286-CaMKII (1:3000) (Fukunaga et al. 1988) , CaMKII (1:3000) (Fukunaga et al. 1988) , phospho-Synapsin I-Ser603 (1:2000, Millipore), Synapsin I (1:2000) (Fukunaga et al. 1992) , and anti-β-actin (1:10 000, Sigma). Immunoreactive band intensities were analyzed by ImageJ software (NIH). The band was normalized against the corresponding β-actin band used as loading control. 
Postmortem AD Brain Samples
MicroPET/CT Scan
Mice were anesthetized with 2% isoflurane in O 2 gas and intravenously injected with approximately 0.45 mCi of 18 F-FDG.
MicroPET/CT scans were performed and images were reconstructed as previously reported (Mahmood et al. 2017) . Briefly, mice were placed pronely in the center of Siemens Inveon combined microPET-CT scanner (Siemens Preclinical Solution USA, Inc.) under continuous anesthesia inhalation (2% isoflurane in O 2 gas). A 10 min PET static acquisition was performed and the images were reconstructed using OSEM (ordered set expectation maximization) algorithm for 3D PET reconstruction. The data in DICOM format were exported and analyzed with Matlab software. The standardized uptake value (SUV) was obtained with the formula SUV = RTA/RID × BW, where RTA is the measured radiotracer tissue activity (in mCi), RID is the radiotracer injected dose (in mCi), and BW is the mouse body weight (in g). The brain of each mouse was registrated to a reference atlas to measure radiotracer uptake (SUV) in different structures of brain (Johnson et al. 2010 ).
Statistical Analysis
Data are presented as mean ± standard error of the mean (SEM). Unless otherwise noted, statistical differences were determined by either unpaired two-tailed Student's t-test or one-way analysis of variance (ANOVA), followed by Tukey's post hoc test, with P < 0.05 considered to indicate a significant difference. 
Results
Gab1 is Selectively Expressed in Central Cholinergic Neurons
Using immunostaining we found that Gab1 was expressed in the medial septum and showed colocalization with choline acetyltransferase (ChAT) (Fig. 1A) . Gab1-positive cells also stained positively for the vesicular acetylcholine transporter (VAChT), another marker of cholinergic neurons (Fig. 1B) . Consistent with these results, the majority of Gab1-positive cells expressed GFP in ChAT BAC -eGFP mice (Fig. 1C ). What's more, quantitative analysis data from whole brain suggested that a quite high proportion Gab1-positive cells are cholinergic neurons, 93.3 ± 3.1% in the medial septum, 91.2 ± 0.7% in the striatum, and 97.3 ± 0.7% in the cortex, respectively. The percentages of ChAT-positive cells coexpressing Gab1 are 83.4 ± 1.5% in the medial septum, 54.7 ± 7.7% in the striatum, and 92.9 ± 1.0% in the cortex (Supplementary Fig. 1A ). Fig. 1B ). In contrast, no colocalization of Gab1 was observed with GAD65 ( Supplementary Fig. 2 ) and parvalbumin ( Supplementary Fig. 3 ). Both are markers of GABA neurons. In addition, there was also no colocalization of Gab1 with CaMKIIα, a marker for excitatory neurons, which excludes the expression pattern of Gab1 in excitatory neurons ( Supplementary Fig. 4 ).
Downregulation of Gab1 in AD Patient and APP swe /PS1 Mice
Neurons stained for Gab1 were found to colocolize with ChAT and neurons stained for both were found throughout the cerebral cortex in a 60-year-old normal control ( Fig. 2A) . A strong reduction in Gab1 was found in same region in a 91-year-old AD patient (Fig. 2B) . In APP swe /PS1 mice, a mouse model of AD, similar results were obtained. At 6 months of age, a significant increase in β-amyloid accumulation and hyperphosphorylation of Tau (Ser-404) were observed (Fig. 2C) . These changes were accompanied by a 40% decrease in Gab1 in the septum as shown by immunoblotting (Fig. 2D,E ) and immunohistochemistry (Fig. 2F,G) . Thus, Gab1 appears to be selectively expressed in cholinergic neurons and is downregulated in both an AD patient and an animal model of AD.
Selective Downregulation of Gab1 in the Medial Septum Causes Cognitive Deficits
Recombinant AAV2-GFP vectors coding for Cre recombinase (AAV2-GFP-Cre) or scrambled-sequence AAV2 for control were injected into the medial septum of 8 weeks old Gab1 f/f mice (Bennett et al. 2000) . Gab1 expression was markedly suppressed in Cre expressing neurons 3 weeks after the injection (Fig. 3A) . The same injection had no effect on Gab2 expression (Fig. 3B ). Silencing of Gab1 had no effect on grip strength ( Supplementary Fig. 5A ), but it caused a significant decrease in discrimination index in the NORT (Fig. 3C ) and a reduced success rate in the Y-maze test (Fig. 3D) .
Loss of Gab1 in Cholinergic Neurons Leads to Cognitive Dysfunction in Adult Mice
To inhibit Gab1 expression more selectively in cholinergic neurons, mice carrying a loxP-flanked Gab1 gene were crossed with ChAT-Cre mice to produce conditional Gab1 knockout mice (ChAT-Cre;Gab1 f/f ) (Fig. 4A) . These mice again showed no change in grip strength (Supplementary Fig. 5B ) and Gab2 expression (Fig. 4B) . Unlike ChAT-Cre;Gab1 f/f mice in which Gab1 expression was completely suppressed (Fig. 4C) , CaMKIIα-Cre;Gab1 f/f mice exhibited a wild type-like Gab1 expression pattern. No significant changes were observed in the number and size of Gab1-positive neurons (Supplementary Fig. 6 ).
In the novel object recognition task, ChAT-Cre;Gab1 f/f mice exhibited a reduced ability to discriminate familiar from novel objects (16.1 ± 5.3%, Fig. 4D ) compared with Gab1 f/f mice (44.9 ± 9.1%). In the Y-maze task, the ChAT-Cre;Gab1 f/f mice (50.6 ± 7.3%) also exhibited a significant decrease in alternation behaviors compared with Gab1 f/f mice (83.2 ± 2.9%) (Fig. 4E) . scrambled-sequence-injected mice. *** P < 0.001 versus scrambled-sequence-injected mice using unpaired two-tailed Student's t-test. n = 6 mice of each group.
Immunoblotting with an anti-β-actin antibody demonstrated equal protein loading in each lane. (C) NORT data from AAV2-Cre-GFP-injected Gab1 f/f and scrambledsequence-injected mice. Gab1 f/f mice with or without silence of Gab1 in medial septum were assessed by discrimination index at 2 and 4 weeks after the AAV2-Cre-GFP or scrambled-sequence AAV injection. ** P < 0.01 and *** P < 0.001 versus scrambled-sequence-injected mice at indicated time after virus injection using unpaired two-tailed Student's t-test. n = 6 mice of each group. (D) Y-maze data from AAV2-Cre-GFP-injected Gab1 f/f and scrambled-sequence-injected mice. Successful alternation rate was decreased in AAV2-Cre-GFP-injected mice at 2 and 4 weeks after virus injection. *** P < 0.001 versus scrambled control using unpaired two-tailed Student's t-test. n = 4-6 mice of each group. Error bars represent mean ± SEM.
HFS (100 Hz, twice) of the Schaffer collateral/commissural pathways induced long-lasting LTP in the hippocampal CA1 region in Gab1 f/f mice. In contrast, ChAT-Cre;Gab1 f/f mice showed markedly reduced LTP (Fig. 4F,G) . This effect was associated with a significant decrease in phosphorylation of CaMKII (Thr286) (Fig. 4H,I ). Together, the above results suggest that loss of Gab1 in cholinergic neurons leads to cognitive dysfunction.
Increased Excitability of Cholinergic Neurons in Gab1-Deficient Mice
To record from Gab1-expressing cholinergic neurons, brain slices were prepared from ChAT-eGFP;Gab1 f/f mice (Fig. 5A ).
Cholinergic neurons in the septum were identified by the presence of GFP and recorded in whole-cell mode (Zaborszky et al. 2008; Ren et al. 2011 ). In ChAT-Cre;Gab1 f/f mice, cholinergic neurons that were spontaneously active showed an increased firing rate compared with those recorded from ChAT-eGFP; Gab1 f/f mice (Fig. 5B,C) . This increase in firing was associated with a significant decrease in after-hyperpolarization (AHP) amplitude (Fig. 5D ). In addition, in neurons that were not spontaneously active (about 15%), intracellular current injection evoked more spikes in cells lacking Gab1 than those expressing Gab1 ( Supplementary Fig. 7 ). No significant changes in tau, R in and C m were observed in ChAT-Cre;Gab1 f/f mice ( Supplementary   Fig. 8 ).
The decrease in AHP of spontaneous cholinergic neurons suggests a possible change in the small conductance Ca 2+ -activated K + channel (SK channel), which regulates the excitability of neurons and their responsiveness to synaptic input patterns, contributing to the AHP following AP bursts, and curtails EPSPs in neuronal dendrite (Ngo-Anh et al. 2005; Giessel and Sabatini 2010; Maylie and Adelman 2010) . Intriguingly, simulations of the SK channel with agonist (NS309, 5 μM) decreased the firing rate in both Gab1 f/f and ChATCre;Gab1 f/f mice, but its effect was statistically larger in the latter (Fig. 6A,B) , which indicated that the functions of SK channel in ChAT-Cre;Gab1 f/f mice were impaired to some extent. In addition, SK channel blockade (apamin, 100 nM) increased AP frequency dramatically in Gab1 f/f mice, mimicking the firing pattern of cholinergic neurons in ChAT-Cre;Gab1 f/f mice, but had no effect in ChAT-Cre;Gab1 f/f mice (Fig. 6A,C) , which may suggest that the deficient SK channel function could not be further blocked by apamin. Consistently, similar results were obtained when we matched the firing frequency by analyzing AHP amplitude with SK channel modulator (Fig. 6D,E) . The SK channel agonist NS309 (5 μM) increased the AHP in neurons obtained from ChAT-Cre;Gab1 f/f mice (Fig. 6D) , whereas apamin (100 nM) significantly reduced the AHP in neurons recorded from Gab1 f/f mice and abolished the AHP difference between the 2 groups of cells (Fig. 6E) . The above results suggest that the SK channel is dysfunctional in Gab1 deficit cholinergic neurons and responsible for the decreased AHP amplitude and increased firing in these neurons. 
Restoration of Gab1 in
Mice
To specifically restore Gab1 function in cholinergic neurons, Cre recombinase-dependent Gab1 expression AAV vectors (AAV-Flex-Gab1) were injected into medial septum of ChATCre;Gab1 f/f mice (Fig. 7A) , which drive selective Gab1 expression in ChAT-positive cholinergic neurons (Fig. 7B ). Three weeks after virus infection, cognitive function-related behavior test was performed. In MWM test, ChAT-Cre;Gab1 f/f mice showed an increase in the escape latency (Fig. 7C ) and a decrease in platform crossing number and time spent in the target quadrant in compared with ChAT-Cre mice (Fig. 7D,E) . By contrast, AAV-Gab1 treatment significantly reversed these effects ( Fig. 7C-E ). What's more, in both the novel object recognition task and the Y-maze test, selectively re-express Gab1 significantly reversed cognitive deficits in ChAT-Cre;Gab1 f/f mice (Fig. 7F,G) . To further validate the functional importance of Gab1 in cholinergic neurons, we studied the effect of re-express Gab1 on excitability of cholinergic neurons in ChAT-Cre;Gab1 f/f mice after behavior test. The cholinergic neurons upon AAV-Con injection were confirmed by the EGFP expression in ChAT-Cre mice and ChAT-Cre;Gab1 f/f mice. Following AAV-Gab1 infection in ChAT-Cre;Gab1 f/f mice, the neurons recorded were confirmed as cholinergic neurons by using lucifer yellow injection combined with post hoc staining for ChAT ( Supplementary  Fig. 9 ). Whole-cell patch clamp recordings from these neurons revealed a decreased spontaneous APs in ChAT-Cre;Gab1 f/f mice following AAV-Gab1 injection ( Supplementary Fig. 10A,B) . Again, we confirmed that conditional restoration of Gab1 rescued the AHP amplitude in cholinergic neurons to a level similar to that observed in ChAT-Cre mice ( Supplementary Fig. 10C ). Specific restoration of Gab1 only in cholinergic neurons is sufficient to maintain MS cholinergic neurons activity.
Expression of Gab1 in the Medial Septum Restores Memory Impaired in APP swe /PS1 Mice
To explore whether overexpression of Gab1 in medial septum could restore memory impaired in APP swe /PS1 mice, lentiviral vectors encoding mouse Gab1 (Lenti-Gab1) under CMV promoter or control lentiviral vectors (Lenti-Con) were injected into the medial septum in 6 months old APP swe /PS1 mice and WT mice. Three weeks after the injection, the Gab1 protein was overexpressed in medial septum of APP swe /PS1 mice ( Supplementary  Fig. 11 ). In the MWM test (Fig. 8A,B) , Lenti-Gab1 transduction in the medial septum decreased escape latency in APP swe /PS1 mice (Fig. 8A) and significantly enhanced platform crossing in the target quadrant (Fig. 8B) . The treatment also significantly restored the level of CaMKII (Thr286) and synapsin I (Ser603) phosphorylation in the hippocampus as illustrated by immunoblotting were quantified. *** P < 0.001 versus Gab1 f/f using unpaired two-tailed Student's ttest. n = 6 mice of each group. Ctrl, Gab1 f/f . Error bars represent mean ± SEM.
( Fig. 8C,D) and immunohistochemistry (Fig. 8E,F) . Thus, upregulation the expression level of Gab1 in the medial septum was enough to significantly improve cognitive function in AD mice.
Discussion
Here, we provide, for the first time, the evidence that Gab1 is selectively expressed in central cholinergic neurons and ChAT-Cre;Gab1 f/f mice. *** P < 0.001 versus no treatment in Gab1 f/f mice using unpaired two-tailed Student's t-test. n = 4-5 mice of each group. n.s., no significant. Ctrl, (4 trials every day). Two-way ANOVA followed by Tukey's post hoc multiple comparison tests. APP swe /PS1 mice with lenti-Con versus WT mice with lenti-Con: P < 0.001. APP swe /PS1 mice with lenti-Gab1 versus APP swe /PS1 mice with lenti-Con: P < 0.05. WT + Lenti-Con (n = 9), APP swe /PS1 + Lenti-Con (n = 14), APP swe /PS1 + LentiGab1 (n = 13). (B) Lentiviral-Gab1 transduction increased the platform crossing in the target quadrant in APP swe /PS1 mice during a 60 s probe trial in the MWM test. *** P < 0.001 versus WT mice with lenti-Con; ## P < 0.01 versus APP swe /PS1 mice with lenti-Con treatment using one-way ANOVA followed by Tukey's post hoc test.
WT + Lenti-Con (n = 8), APP swe /PS1 + Lenti-Con (n = 10), APP swe /PS1 + Lenti-Gab1 (n = 10). downregulated in AD patient and mice. In mice, selective downregulation of Gab1 in the septum impaired learning and memory, whereas overexpression of Gab1 in the same area rescued the cognitive deficits seen in ChAT-Cre;Gab1 f/f and APP swe /PS1 mice. The medial septum region sends cholinergic, GABAergic, and glutamatergic projections to the hippocampus (Lewis and Shute 1967; Kohler et al. 1984; Sotty et al. 2003; Colom et al. 2005; Henny and Jones 2008) . In the present study, we showed that Gab1 was selectively located in cholinergic neurons, and not observed in GAD65-, PV-, or CaMKIIα-immunoreactive cells. The finding that downregulation of Gab1 in septal cholinergic neurons caused cognitive deficits further suggested that Gab1 plays a critical role in cholinergic projection neurons.
Dysfunction of cholinergic neurons in the basal forebrain correlates with the cognitive impairment in AD patients (Bonsi et al. 2004; Berson et al. 2012) . Our results suggest that Gab1 in cholinergic neurons may play a role in the cognitive dysfunction. We found that mice lacking Gab1 in cholinergic neurons, that is, ChAT-Cre;Gab1 f/f mice, exhibited significant cognitive deficits as measured by the MWM, new object recognition and Y-maze tests. These tasks are known to be sensitive to the integrity of septo-hippocampal projections. This finding is consistent with the fact that Gab1 is selectively expressed in cholinergic neurons and CaMKIIα-Cre;Gab1 f/f mice showed no significant changes in either the number or size of Gab1-positive neurons in brain. In line with a role of the medial septum in hippocampus-dependent learning and memory (Sava and Markus 2008; Sanchez-Ortiz et al. 2012) , knockdown of Gab1 decreased the phosphorylation of CaMKII (Thr286) in the hippocampus and impaired hippocampal LTP. Changes discussed above suggest that Gab1 deletion may lead to an inhibition of septal cholinergic neurons projecting to the hippocampus. To our surprise, both the spontaneous and evoked firing activities were increased in septal cholinergic neurons in ChAT-Cre;Gab1 f/f mice. The hyperexcitability of spontaneous cholinergic neurons was associated with a decrease in the amplitude of AHP. Further experiments suggest that the SK channel, which modulates firing frequency and partially contributes to the AHP that follows the bursts of APs (Sah 1996; Stocker et al. 1999; Edgerton and Reinhart 2003) , is present but dysfunctional in Gab1-deficient cells. Thus, in these cells, the SK channel enhancer NS309 could still significantly increase the AHP and decrease firing frequency. This effect was completely abolished by the selective SK channel blocker apamin. We speculate that this increase in firing activity is a compensatory change of cholinergic neurons due to reduced release of acetylcholine from their axon terminals. The importance of Gab1 in cholinergic neurons is further highlighted by the finding that its expression is significantly decreased in both AD patient and an animal model of AD, that is, APP swe /PS1 mice. Here, our 18 F-FDG microPET imaging data indicated that Gab1 treatment had no effect on metabolic activity of glucose in APP swe /PS1 mice ( Supplementary Fig. 12 ). More importantly, we found that enhancement of Gab1 expression by genetic manipulation restored the memory impaired in ChAT-Cre;Gab1 f/f and APP swe /PS1 mice, indicating that Gab1 signaling may serve as a potential treatment target for disorders involving dysfunction of central cholinergic neurons including AD.
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